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During  the  process  of death  the  electrical  conductivity  of many 
tissues undergoes a  change in electrical resistance by means of which 
the process may be followed with  considerable  precision.  This may 
be utilized to measure injury and recovery.  1 
An illustration  of this is seen in  Fig.  1,  which shows the gradual 
fall in resistance  2 of Lamlnaria placed in 0.52 ~t NaC1.  8  After an ex- 
posure of 5.2 minutes the resistance has fallen to 94.6 per cent of the 
resistance  it had in sea water. 4  If the  tissue is  then replaced in sea 
water the resistance rises (uppermost dotted line) and returns to prac- 
tically normal  value.  This  rise  of resistance  may be spoken  of as 
recovery. 
1 Attention has been called in a  previous paper (Osterhout, W. J. V., Y. Biol. 
Chem., 1915,  xxiii, 67)  to  the  need  of  accurate  determinations of toxicity and 
to  the use of electrical measurements for this purpose. 
For convenience in making comparisons the death curves used in a  former 
paper (Osterhout, W. J. V., Proc. Am. Phil. Soc., 1916,  Iv, 533)  are employed as 
standards.  Since in the recovery experiments the death curves vary somewhat 
(depending on the temperature, the condition of the  material, etc.), it is permis- 
sible for comparative purposes to make the death curves coincide with the stand- 
ard in as far as this can be done by multiplying the abscissm by the proper factor 
(which is always the same for all the abscissm of any particular recovery curve). 
This has been done  throughout  the  experiments:  otherwise  an  accurate  com- 
parison of  the  recovery  curves would  be  difficult.  The  corrections made  are 
relatively small, since, in order to make the results comparable, all experiments 
showing a wide deviation from the standard curves were rejected.  Since the devia- 
tions are chiefly due to differences in temperature the chief result of the corrections 
is  to  make  all  the  reactions  appear as  if  they had  taken  place at  the  same 
temperature. 
3 All the solutions had the same conductivity as sea water. 
4 For convenience all results are expressed as per cent of the original resistance. 
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If, however, the exposure to the solution of NaC1 lasts longer  the 
tissue  does not  recover its  normal  resistance  when  returned  to  sea 
water.  After prolonged exposure recovery is much less complete and 
as the tissue approaches the death point there seems to be no recovery 
when it is removed from the golution of NaC1 and kept in sea water 
under  normal  conditions. 
Fig. 1 shows that the recovery curves rise to certain  definite  levels 
and then run horizontally.  If the conditions are favorable they may 
maintain  this horizontal  course for days; but if the control falls they 
also fall. 
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FIG.  1.  Curves showing electrical resistance of Imminaria agardhii in NaC1, 
0.52 ~ (unbroken line), and recovery in sea water (dotted lines).  The figure at- 
tached to each recovery curve denotes the time of exposure (in minutes) to the 
solution of NaCl. 
Another aspect of recovery is illustrated by the results obtained in 
mixtures of NaC1 and CaCl.o.  Curve C in Fig. 2 shows the behavior 
of tissue placed in a solution containing 97.56 tools of NaC1 to 2.44 of 
CaCI~;  its electrical resistance  falling in 37.5 hours to 72.87 per cent 
of the original  value in sea water.  In a  solution containing  85 mols 
of NaC1 to 15 tools of CaCI~ (Curve A) the resistance fell in the same 
time to practically the same point (72.47 per cent). 
When these two lots of tissue were replaced in sea water they be- 
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(Fig. 2, upper dotted line) but the resistance of the second fell (much 
more rapidly than if it had not been removed to sea water) and eventu- 
ally  became  practically  stationary  at  38.1  per  cent  (Fig.  2,  lower 
dotted line). 
One method of explaining these facts is to assume  ~  that the resistance 
is proportional to a substance M  (contained within the cells), which is 
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FIG. 2.  Curves showing electrical resistance of ~mi~zria  agardhii in a  solu- 
tion containing 97.56 tools of NaC1 to 2.44 mols of CaC12 (Curve C) and in a solu- 
tion containing 85 tools of NaC1 to 15 rnols of CaCI2 (Curve A).  The dotted 
lines show recovery in sea water.  Curves B  and D  show  the levels  to which 
the resistance rises when the tissue recovers in sea water after exposure to these 
mixtures; their absciss~  denote the times of exposure.  Curve B pertains to the 
first mixture (belonging with Curve C), while  Curve D  pertains to the second 
mixture (belonging with Curve A). 
s Cf. Osterhout, W. J. V., Proc. Am. Phil. Sot.,  1916, lv, 533. 18  THE MECIIANIS~  OF INJURY AND  RECOVERY 
formed  and  decomposed by  a  series  of  reactions  according  to  the 
scheme 
O--~ S--) A--)  M---~ B 
We assume that in sea water the amount of M  remains constant 
because it is formed as rapidly as it is decomposed.  When, however, 
it is transferred to a solution of NaC1 (or to the first of the two mix- 
tures mentioned above) the resistance fails, because M  is decomposed 
more rapidly than it is formed.  In the second mixture the resistance 
rises, because M  is formed more rapidly than it is decomposed, but 
after a certain time the rate of formation decreases and the resistance 
falls steadily. 
We suppose that when tissue is placed in the solution of NaC1  (or 
in the mixtures) the reactions 0  -~ S  -~ A  cease.  In the solution of 
NaC1  (and in the first mixture)  the amount of M  diminishes on ac- 
count of the gradual exhaustion of A ; in the second mixture the reac- 
tion A --~ M  is so rapid that a temporary increase in  the  amount of 
M  results, but this is inevitably followed by a  decrease as the supply 
of A becomes exhausted. 
When the tissue is replaced in sea water the reactions 0  --~ S --~ A 
are supposed to recommence.  The supply of A  is  therefore replen- 
ished and the resistance will return to the normal value, provided O 
is present in large amount and suffers practically no change during 
the experiment.  But if it should diminish by one-half as the result 
of exposure  to NaC1 it could restore M  to only half of its original 
value.  We may therefore regard  the level to which M  is restored as 
an index of the condition of O.  If we plot this level after various peri- 
ods of exposure to the first mixture we get Curve B in Fig. 2 (and for 
the second mixture, Curve D).6 
If we use the term recovery for the rise of resistance which occurs 
when tissue is transferred to sea water from certain solutions (such as 
the first mixture) there seems to be no good reason why it should not 
be applied to the fall of resistance which occurs when tissue is trans- 
ferred from certain other solutions (such as  the second mixture)  to 
sea water.  The amount of recovery after any given period of exposure 
6  A similar curve could be drawn for Fig. 1 but it has been omitted in order to 
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is equal to the vertical distance between Curves B  and C, in the case 
of the first mixture, and between Curves A and D  in the case of the 
second mixture. 
If we use the term injury to denote loss of resistance, we may define 
temporary injury  ~ as the loss which occurs in the solution and perma- 
nent injury as  the loss which is  observed  after the tissue has been 
returned  to  sea  water  and  the  resistance  has  risen  or  fallen  to  a 
stationary condition.  Curves B  and  D  are therefore the curves of 
permanent injury. 
It may be  asked whether Curves B  and D  are  better criteria of 
toxicity than Curves A and C.  The question involves the definition 
of toxicity.  Since this term is used in a variety of ways, it is desira- 
ble that it should always have a precise quantitative significance.  In 
the present case it is evident that we need not only A and C but also 
B  and D  for a  complete description of the facts.  It seems possible 
that this may be generally true in the study of toxicity, although at 
present we may be unable to construct similar curves in many cases 
because suitable methods of measurement are lacking. 
t 
The fact that recovery is never complete except at the beginning 
(as shown by Curves B and D) might also be explained as due to the 
death of certain cells; for if some of the cells are killed by exposure to 
a solution of NaC1 the complete recovery of the surviving cells cannot 
restore  the resistance to its normal value.  The chief objections to 
this explanation are that during the death process the cells seem to 
act alike and to die at about the same time; moreover this assumption 
does not lend itself readily to quantitative treatment.  It does not 
seem to be necessary to discuss this point more fully at present; but 
it may be pointed out that this hypothesis would in no way invalidate 
the  conception  developed  above,  that  an  individual cell  may lose 
part of its resistance and subsequently regain it, either  partially or 
completely. 
7  Substances which cause increase of resistance commonly  produce permanent 
injury;  this is  apparent  when the tissues are replaced in sea water.  It would 
therefore  seem that any alteration of resistance (increase or decrease) may produce 
permanent injury if sufficiently  prolonged.  In spite of this it seems preferable to 
restrict  the term  temporary  injury to  the  fall of resistance observed in  toxic 
solutions without  coining a  new term to express the injurious action of rise of 
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The fact that in the case of Laminaria recovery  may be either partial 
or complete, according to circumstances, raises the question whether 
this is also true of other forms.  It is certainly true of all the plants 
investigated by the writer, such as the green alga, Ulva (sea lettuce), the 
red alga, Rtwdymenia  (dulse),  and the flowering plant,  Zostera (eel 
grass).  It seems to be also true of frog skin as far as the experiments 
of the writer have gone2  In physiological literature it seems to be 
generally assumed that when recovery occurs at all it is practically 
complete.  It is evident that partial recovery might easily be  over- 
looked except in  cases where recovery can be measured with consid- 
erable accuracy, and it seems possible that further investigation may 
show that partial recovery is a general phenomenon. 
If we accept the conclusions stated above we are  obliged to look 
upon recovery in  a  somewhat different fashion from that which is 
customary.  Recovery is usually regarded as due to the reversal of 
the reaction which produces injury.  The  conception of the writer 
is fundamentally different; it assumes that the reactions involved are 
irreversible  (or practically so)  and  that injury  and  recovery differ 
only in the relative speed at which certain reactions take place. 
Thus  in  the  series  of  reactions O--*S--*A--~M--*B, if  the  rate  of 
O--*S becomes slower than the normal, injury will occur, while a  re- 
turn  to  the normal rate will result in recovery.  Injury could also 
be produced by increasing the rate of M---~B, or decreasing the rate 
of S'*A or A--~M. 
If life is dependent upon a  series of reactions which normally pro- 
ceed at  rates  bearing  a  definite  relation  to  each other, it  is  clear 
that a  disturbance of these rate-relations may have profound effects 
upon  the  organism,  and  may produce  such  diverse  phenomena as 
stimulation, development, injury, and death.  It is evident that such 
a disturbance might be produced by changes in temperature  ° (in case 
the  temperature coefficients of the reactions differ) or by chemical 
agents.  The same result might be brought about by physical means, 
especially where structural  changes occur which  alter  the  permea- 
bility of the plasma membrane or of internal structures (such as the 
nucleus and plastids)  in such a way as to bring together substances 
which do not normally interact.  1° 
s The recovery experiments on frog skin have been few in number and were 
devoted chiefly to the effects of anesthetics. 
9 Cf. Osterhout, W. J. V., ]. Biol. Chem.,  1917, xxxii,  23. 
le Or which normally react to a  lesser  degree. 